Abstract-We analyze the influences of initial conditions on a diaphragmless shock tube operation. The system consists of a driver tube, driven tube, and damp tank. The driver tube has a circular cross section with a diameter of 150 mm, while the driven tube has a rectangular cross section (60 mm × 150 mm). The shock tube is operated using a quickopening pneumatic piston. Two types of piston driver are employed to release the pressure inside the piston: small diaphragm and solenoid valve types. The effect of the piston driver type on the shock Mach number is evaluated. Moreover, the initial piston pressure is chosen as a parameter to investigate its effects on the shock Mach number. The shock Mach number is determined by not only the initial operational pressure ratio of the shock tube but also the initial pressure in the high-pressure section in the diaphragmless shock tube. For a range of initial piston pressures, the shock Mach number is almost constant under a constant initial operational pressure ratio. Index Terms-diaphragmless shock tube, shock Mach number, aerodynamics, schlieren visualization, pressure history
I. INTRODUCTION
Shock tubes have been used in various studies, including those on high-speed aerodynamics [1] [2] . In a conventional shock tube, high-and low-pressure sections are partitioned by a diaphragm, which is quickly ruptured to create a normal shock. This shock propagates through the low-pressure section. The shock Mach number M s is an important parameter used to determine test conditions. However, in a conventional shock tube system, M s is influenced by the process of the diaphragm rupture. To reduce the uncertainty in M s , a diaphragmless system was employed in our shock tube. It is considered an attractive aerodynamic testing device as not only is it relatively simple to adjust the Mach and Reynolds numbers of the test flow, but also the test flow is not contaminated by minute fragments of the diaphragm. In this system, the diaphragm is replaced by a quick-opening pneumatic piston, which is shown in Fig. 1 . This shock tube system was used to investigate aerodynamic characteristics of transonic airfoil flows, and to develop the progress flow visualization technique in our laboratory in the past few Manuscript received November 10, 2017; revised August 1, 2018. years. For example, a focusing schlieren system was developed to visualize slice images of transonic airfoil flows [3] [4] [5] .
The pneumatic piston is driven by rupturing a small diaphragm set between the room inside the piston and leak section (see Fig. 1(a) ). This system operates as a small shock tube and can quickly release the pressure inside the piston room to open the piston. Although this system successfully operates the diaphragmless shock tube, the small diaphragm must be replaced for each run. This procedure extends the run-to-run time interval and thus reduces the data productivity of the device.
The test flow condition of the shock tube is theoretically determined by the differential pressure between the high-pressure driver section and lowpressure driven section. Arbitrary test flow conditions can be obtained by appropriately controlling the initial pressure. The shock Mach number M s is derived through an equation which requires the value of the pressure ratio between the high-and low-pressure sections p 4 /p 1 . According to the equation, a greater p 4 /p 1 leads to a higher M s [6] . However, in the diaphragmless shock tube, M s is lesser than the theoretical value as the piston opens in a finite time. Therefore, this suggests that the opening behavior of the piston may influence the uncertainty in the test flow parameters.
The purpose of this study is to install and assess a new piston driving system. We present two series of experiments. First, the small diaphragm is replaced by a solenoid valve to improve the data productivity of the device (see Fig. 1(b) ). The M s values obtained under several initial p 4 /p 1 conditions are compared between the conventional diaphragmless system and the new system with the solenoid valve to assess the influence on the test flow parameters due to the difference between the two piston drivers. Second, the correlation between the pressure inside the pneumatic piston (piston pressure, p p ) and M s is evaluated with the new piston driver. The diaphragmless shock tube is operated with several initial p p values and the influence of the piston pressure on the shock Mach number is assessed. Furthermore, the opening behavior of the piston is evaluated by monitoring the history of the piston pressure while the shock tube is operated.
II. EXPERIMENTAL SETUP AND THEORY

A. Diaphragmless Shock Tube
The dimensions of the diaphragmless shock tube are shown in Fig. 2 . This system consists of a driver tube, driven tube, and damp tank. The driver tube (highpressure section, p 4 ) has a circular cross section with a diameter of 150 mm, while the driven tube (low-pressure section, p 1 ) has a rectangular cross section (60 mm × 150 mm). The damp tank is installed at the edge of the lowpressure section. In order to measure the wall pressure, pressure transducers can be flush-mounted at 11 pressure taps created on the wall of the low-pressure section.
Before the shock tube is operated, the high-and lowpressure sections are filled with dried air to adjust the initial pressure ratio p 4 /p 1 . In order to drive the shock tube, the partition between the high-and low-pressure sections, i.e., the pneumatic piston, is quickly opened; a primary shock wave is then immediately generated and propagated into the low-pressure camber. In order to evaluate the test flow conditions, two PCB pressure transducers (H113A) are installed at taps A and B (see Fig. 2 ). The PCB sensors can detect an immediate pressure increase induced when the primary shock reaches the locus of the sensors. The shock Mach number M s is calculated from the time difference between the pressure increases at the two pressure sensors using a universal counter (Pendulum, CNT-90).
A schematic of the quick-opening pneumatic piston used in this study is shown in Fig. 2 . The system consists of a piston, spring dumper, and piston driver. As mentioned above, two types of piston driver are employed: small diaphragm type ( Fig. 1(a) ) and solenoid valve type ( Fig. 1(b) ). When the shock tube is operated, the pressure inside the piston is quickly released to the leak section by the piston driver, and then the piston moves quickly due to the pressure reduction in a short time. The system of this quick-opening pneumatic piston was designed in Ref. [7] .
The pressure transducer is installed at the sidewall just upstream of the piston driver. A Kulite pressure transducer (XT-190-250A) is used to monitor the pressure of the pneumatic piston p p . The time response of the piston movement is estimated from the prior values of the pressure reduction due to the shock tube operation. The pressure history data are measured by a digital oscilloscope (Tektronix, TDS 3000 series).
In series 2, the influence of the initial piston pressure p p on M s and piston motion are assessed. The motion of the opening piston is also detected as a pressure drop history of p p , as it cannot be directly observed. The test conditions used in series 2 are presented in Table 2 . Three initial pressure ratios, i.e., p 4 /p 1 = 60, 100, and 150, are chosen as the initial conditions. The initial p p is controlled, from 311 to 673 kPa, as the operational parameter. Case A is used to evaluate the effects of the initial p p on the pressure drop history of p p , while Case B is used to estimate the shock Mach numbers at different initial p p values. The shock Mach number measured in this study is also shown in the table.
B. Schlieren Visualization
Schlieren visualization is employed to visualize the normal shock created by the diaphragmless shock tube for both piston driver types. The initial pressure ratio is set to p 4 /p 1 = 75. The optical system used in this study is shown in Fig. 3 . It consists of two concave mirrors, a light source, and a digital camera with a knife edge. A two-dimensional NACA4408 airfoil is employed as a test model in this study.
C. Experimental Conditions
The experiments in this study are divided into two series. In series 1, the shock tube is operated with the two different types of piston driver, i.e., the conventional small diaphragm type and solenoid valve type. The effect of the initial pressure ratio p 4 /p 1 on the measured shock Mach number M s is evaluated for both types of piston driver. The test conditions in series 1 are presented in Table 1 . Several combinations of p 4 and p 1 are employed to set p 4 /p 1 . p 4 is controlled in five levels, while p 1 in three levels. Two or three runs are carried out for each test condition. 
D. Shock Tube Theory
A simple equation for the shock tube problem could be used to obtain the shock Mach number as a function of the initial pressure ratio p 4 /p 1 , as shown in (1) . The shock Mach number increases with the pressure ratio [6] . The curve based on (1) is shown in Fig. 4 and compared with experimental data. 
where γ is the specific heat ratio and a is the speed of sound. The subscript 1 corresponds to the low-pressure section, while 4 corresponds to the high-pressure section. 
III. RESULTS AND DISCUSSION
A. Effect of the Piston Driver Type (Series 1)
The shock Mach number M s measured in series 1 is plotted against the initial pressure ratio p 4 /p 1 in Fig. 4 The history of the piston pressure p p , measured for both piston driver types, is shown in Fig. 6 . Two curves obtained at different p 1 and p 4 /p 1 = 60 are shown for each type. The two piston driver types lead to different pressure drop behaviors. For the conventional type, the piston pressure rapidly decreases, reaching the lowest value in 0.05 ms. In contrast, this value is 0.1 ms for the solenoid valve type; the pressure decrease is slower. For each type, the difference in p 1 has a reduced influence on the curve; only a slight difference is observed before reaching the lowest pressure. This shows that the pressure history reflects the piston driving motion and that the conventional type drives the piston quicker than the solenoid valve type.
B. Effect of the Initial Piston Pressure on the Piston
Pressure History (Series 2) In order to understand the opening behavior of the piston, the history of the piston pressure p p is measured for initial piston pressures of 475, 570, and 630 kPa. The shock tube operational pressure ratios p 4 /p 1 are 60, 100, and 150, respectively, while the low-pressure section is kept at p 1 = 2 kPa. The piston is driven by the solenoid valve. The history of the piston pressure is plotted in Figs.  7(a)-(c) . The figures show the results of Case A. The horizontal axis represents the time from the initial position, while the vertical axis represents the piston pressure p p . Fig. 7(a) confirms that the piston pressure decreases from the initial pressure to 0 kPa in a period of approximately 0.09 s. For all of the p 4 /p 1 values, the curves show no significant difference before reaching a value of approximately p p = 200 kPa; after this value, the curves do not overlap. For all of the curves, the pressure decrease is slightly relaxed when the pressure reaches a value. The point where the inclination of each curve changes is marked by an arrow. The pressure drop rate changes around p p = 200 kPa for p 4 /p 1 =150, p p = 100 kPa for p 4 /p 1 = 100, and p p = 30 kPa for p 4 /p 1 = 60. The pressure at which the inclination changes is not affected by the initial piston pressure, i.e., almost equal pressure values are observed in Figs. 7(b) and 7(c) . We believe that the relaxation in the pressure drop reflects the piston movement, as the volume inside the piston gradually decreases when the piston moves. As the volume decreases with the decrease in pressure, the pressure drop is relaxed. The piston pressure where the relaxation occurs is almost the same for each p 4 /p 1 value and is independent of the initial value of the piston pressure. The difference between p 4 and p p is approximately |p 4 -p p | = 100 kPa. Therefore, the piston opening starts when |p 4 -p p | reaches 100 kPa. This value may depend on the maximum static friction force at the junction between the piston and its housing.
Figs. 8(a) and 8(b) show the piston pressure history to understand the influence of the piston pressure p p for Case B. The initial piston pressures are adjusted in the range of 350 to 650 kPa, while the shock tube operational pressure ratio is set to p 4 /p 1 = 150. Fig. 8(a) shows the piston pressure history in the range of 0 to 0.12 s, while Fig. 8(b) shows the elapsed time from 300 kPa.
The piston pressure decreased more rapidly while the piston moved in the case of a high initial piston pressure, than in the case of a low initial piston pressure.
For all of the initial pressure conditions, the pressure decreased to 0 kPa after approximately 0.09 s, as shown in Fig. 8(b) 
C. Effect of the Initial Piston Pressure on the Shock
Mach Number (Series 2) The shock Mach number M s and pressure ratio p 4 /p 1 , measured under several piston pressure conditions p p , are plotted in Fig. 9 . The horizontal axis represents the piston pressure p p , while the vertical axis represents the shock Mach number M s . The different symbols represent the data obtained at the different shock tube operational pressure ratios p 4 /p 1 of 60, 100, and 150. The tendency shows that a higher pressure ratio p 4 /p 1 can lead to a higher shock Mach number. At p 4 /p 1 = 150, M s is almost constant, with minor fluctuations (Table 1) . The same trend is observed at p 4 /p 1 = 100 and 60. This indicates that the piston pressure does not affect the determination of M s . In addition, the results show the same trend as that in a previous study on a diaphragm-type shock tube [8] .
D. Schlieren Photographs
The results of the schlieren visualization are shown in Figs. 10 and 11 for the conventional and solenoid valve types, respectively. For both piston drivers, a normal shock is generated and reaches the nose of the airfoil. After the shock impingement, a circular reflection shock is formed and the normal shock propagates downstream. The shock systems associated with the impingement have very similar distributions in the two cases. This qualitative result suggests that the solenoid valve type can create a normal shock, the same as that of the conventional type. 
IV. CONCLUSION
The aim of this study was to understand the effect of an initial parameter for a diaphragmless shock tube operated by a quick-opening pneumatic piston. Two types of piston driver were employed: small diaphragm and solenoid valve types. The pressure inside the piston was used as the test parameter. Several tests were carried out under different piston pressure conditions, and the shock Mach number and history of the piston pressure were measured. The following results were obtained:
1) The shock Mach number M s was determined by not only the operational pressure ratio p 4 /p 1 but also the initial pressure in the high-pressure section p 4 . This was not consistent with the simple equation and was a unique characteristic of the diaphragmless shock tube.
2) The piston pressure decreased more rapidly in the case of the small diaphragm than in the case of the solenoid valve.
3) The time when the piston started to move was determined by the differential pressure of p p and p 4 . 4) The piston pressure decreased more rapidly while the piston moved in the case of a high initial piston pressure than in the case of a low initial piston pressure. 5) The shock Mach number was almost constant; the initial piston pressure did not affect M s .
